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The evaporation rate of water ice on the swrface of a planet with an
amesphere involves an equilibrium between solar heating and radia-
tive and evaporative cooling of the ice layer. The thickness of the
ice is govermed principally by the solar flux which penetrates the ice
layer and then is conducted back to the surface. These calculations
differ from those of Lingenfelter et al. (1963) for putative lunar
chammels in including the effect of the atmosphere. Evaporation from
the surface is governed by two physical phenomena: wind and free con-
vection. In the former case, water vapor diffuses from the surface of
the ice tirough a laminar boundary layer and then is carried away by
eddy diffusion above, provided by the wind. The latter case, in the ab-
sence of wind, is similar, except that the eddy diffusion is caused by
the lower density or water vapor than the martian atmosphere. For mean
martian insolations the evaporaticn rate above the ice is
210-%;n a?s"l. Tus, even under present martian conditions a flowing
charmel of liquid water will be covered with ice which evaporates suffi-
ciently slowly that the water belcw can flow for hundreds of kilometers
even with quite mrdest discharges. Evaporation rates are calculated for
a wide range of fricticnal velocities, atmospheric pressures, and insolacicns
and it seems clear chat at least scme subset of cbserved martian charmels
may have formed as ice-choked rivers. Tyrical equilibrium thiciknesses of
such ice covers are 10 to 30 m; typical suxrface temperatures are 210 to

anald -
2357 X. Ice-covered charmels or lakes cn



Mars today may be of substantial biological interest. Ice is a
sufficiently poor conductor of heat that sunlight which penetrates

it can cause melting to a depth of several meters or more. Because

the obliquity of Mars can vary up to some 35°, the increased polar

heating at such times sSeems able to cause subsurface melting of the ice caps
to a depth which corresponds to the observed lamina thickness

and may be vesponsible for the morphology of these polar features.




"Where Alf the Sacred River ran

Through caverns measureless to man
Down to a sunless sea'

----Samuel Taylor Coleridge
Kubla Khan

Martian Chammels

In 1962, Lederberg and Sagan argued that Mars, being an outgassed
planet with a mean temperature below the freezing point of water, must have
substantial reservoirs of permafrost; and that geothermal heating of this
permafrost could produce bodies of subsurface liquiu water on Mars. The
Mariner 6 and 7 fly-by missions of 1969 discovered the existence of 'chaotic
terrain'' on Mars, which has since been generally described as thermokarst,

a landform in which the overburden has collapsed because of removal of sub-
surface water (Sharp et al., 1971; Belcher, Veverka, and Sagan, 1971; Sharp,
1973; Soderblom and Wermer, 1978). A post-Viking discussion of a range of
features attributed to perme.frost on Mars is made by Carr and Schaber (1977).
In 1971, before the Mariner 9 spacecraft arrived at Mars, Sagan proposed that
Mars might undergo massive climatic change over substantial periods of geo-
logical time, and that there may have been instances when martian climatology
permitted abundant surface liquid water. Both discussions (Lederberg and
Sagan, 1962; Sagan, 1971) were primarily devoted to the question of life
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on Mars and the possibility of microenvircrments favorable for biology there, either

in space or in time.

The Mariner 9 discovery, arply confirmed by Viking Orbiter data, of
simuwous valleys on Mars put these earlier speculations on a firmer observa-
tional footing (McCauley et al., 1972; Milton, 1973; Sagan, Toon and
Gierasch, 1973; Baker and Milton, 1974; Sharp and Malin, 1975; Pieri, 1976;
Malin, 1976; Masursky et al., 1977). Arguments from terrestrial gecmorpho-
logical analogy are consistent with the charmels being produced by rurming
water. These features include teardrop-shaped interior islands; braided
chammels; tributary branching ratios (Pieri, 1979); and shoreline morphology
(Carr et al., 1976). However, many gecmorphologically distinct units have
been subsured under the single descriptive word, ''charmels'" (see, for example,
Shapr and Malin, 1975), and it seems likely that there are several distinct
categories of valleys on Mars, each with a quite separate mode of orizin
(Pieri, 1976). Altermative physical processes which have been proposed or at
least menticned in martian chammel morphogenesis include liquid carben dicxide
(Sagan et al., 1973), surface structural cracks (Schumm, 1974), erosion by
windblown sand (Sagan et al., 1973; Cutts et al., 1976) and liquid alkanes

(Yung and Pinto, 1978). Each of these alternative ideas has serious
problems, some of which have been described in the orizinal pavers

prepesing these ideas and scme of which have been published elsewhere:

and aqueous erosicn has proved to be by far the most rcpular,

although by no means a wniformly acmired, explanation. Substantial debate has

ccourrad in the literatre and elsewheres on the extent to which nresumtive




aqueous charmels on Mars are the result of breakout flooding, rainfall
sroduction of dendritic branched networks, or liquid water modification

of pre-existing morphology.

Sagan et al. (1973) plotted a histogram of the abundance of both
large and small charmels as a function of martian latitude and noted a
strilking concentration towards the equator and a very substantial decline
in murber density by middle latitudes. They argued that one implication
of this result is that the martian chammels are cut by a fluid whose melting
point is achieved at characteristic martian equatorial ctamperatuxres, but
chat hizh latitudes on Mars are below the freezing point of this fluid. Of
all coswically abundant inorgzanic materials only wacer satisfies these condi-
tions, and this argument therefore supports the aqueous hypothesis of martian
charmel morphogenesis. Howewer, the observations of craters and other martian
landforms as a finmction of latitude has uncovered the existence of a high

latitude mantling (Soderblcem et al., 1974). The mantling transition seems to occur

rather more sharply than the histogram of chammel distribution with latitude
implies, but at least a significant part of the chammel distribution fimction
with latitude might be due to the high latitude obscuration of charmels by the
presumably aeolian mantling material. In addition both Mariner 9 and Viking
Orbiter coverage are poorer at high latitudes, because of orbital comstraints
and the 1971-72 dust storm, raising the possibility of a strong cbservaticnal
selecticn in the histogram data. Moreover, since many of the chammels are now
‘movn o be of the order of 1 x 10° years old (Soderblom et al., 1974; Pierd,

1976; Neulkam and Wise, 1976) it is not the present temperature distribution



with latitude but that of a billion years ago which applies in consideration
of the nature of any chammeling fluid.

The present mean surface pressure of Mars is
near the triple point pressure of water. The highest surface pressures of
Mars in the deepest depressions are probably in the 10 b range. At
these pressures, open pools of pure liquid water rapidly evaporate or boil
away, and the aqueous origin of martiasn chammels has thereby been relegated
to scme past epoch when the global atmospheric pressure was significantly
greater, the surface temperatures perhaps higher as well, and abundant surface
licuid water hypothesized (Sewan et al., 1973 and many later papers). Pro-
posed mechanisms for such climatic change include variations in the obliquity
of Mars (Sagan et al, 1973; Ward, 1973; Buxms et al., 1978); variations in solar
lumnesity (Sagan et al.,1973; Hartmamn 1974);
variaticns in the polar albedo (Sagan et al., 1973); and a past more massive
reducing atmosphere with a substantial greenhouse effect (Sagan and Mullen,
1972; Sagan, 1977; Pollack, 1979). Each of these processes must, at the very
least, be designed to provide a significant increment in the martian atmospheric
pressure, generally speaking at least to scme tens of mb. Estimates of the
equivalent partial pressure of volatiles frozen in the martian polar caps

range from about one bar (Sagan, 1971) to close to zero (Ingersoll, 1974).
Much larger quantities of wolatiles seem to be trarped as subsurface
permafrost, as chemically and physically bound water and as carbonates
(Pollack et al., 1971; Fanale and Carmen, 1971; Houck et al., 1973;

Biemarm et al., 1976). l"N/ I‘SN and ncble gas abundance ratios in the present
martian atwosphere, as determined from the Viking entry mass spectremeter and

surface gas chromatograph/mass spectyometer experiments, combined with medels of




exospheric escape, suggest an earlier atmosphere with total pressure of
tens of mb and possibly larger (McElroy et al., 1976; Anders and “wen,
1978). These results make it at least moderately plausible that
martian global atrospheric pressure in its distant past, ard perhaps even
at:lxlogyursago, may have been high enough to reascnably stabilize
aqueous fluvial processes in the cpen air -- enough to produce at least
some of the martian sinucus chamels.

Evaporation on Mars
However, what seems not to have been thoroughly investigated is the

possibility that evaporation from an aquecus flow on Mars under present or
even lower atmospheric pressure produces a surface layer of ice which in-
hibits subsequent evaporaticn and permits the subsurface flowing water to
travel substantial distances and be responsible for major fluvial ercsionm.
If martian rivers can flow under contemporary conditions in this way, flow
under high pressures would be even more substantially enabled. The crigin
of major simwous charmels in chaotic terrain powerfully comnects the idea of
subsurface liquid water on Mars with the production of martian charnels, even
if such charmels are generally massive outbreak flcoding such as the
Bormeville Event (Baker and Milton, 1974) -- that is, largely a surface,
not a subsurface, flow.

Ingersoll (1970) has shown that che present low atmospheric pressure con Mars

greatly enhances evaporation, so that snow and frost deposits sublime instesad

of melting, rainfall cammot ccouxr. Ingerscll's




objection to the presence of liquid water on Mars coes not apply if the

water is provided by some other means, such as geothermal heating of

buried ice deposits, where the overlying soil prevents evapcoration. If

such water were to0 be exposed to the martian atmosphere, as groundwater

issuing from a spring, it would begin to evaporate rapidly, and boil if

its vapor pressure exceeded the local atmospheric pressure, and possibly
effervesce as well if it contained dissolved gases. The rapid cooling due to the
release cf the latent heat of evaporation will cause a layer of ice to

form and grow in thiclnmess. The result would resemble a terrestrial stream

in winter, except that the cooling of the martian stream would be mainly by

evaporation. Lingenfelter et al. (1963; see also Schubert, et al..1570) have studied

a similar scenario cn the Moon, in which water is exposed to the lunar vacuum, They
argued that che lunar rills might have been produced by water ercsion in a marmer
similar to the origin of terrestxial river valleys. The remarkably anhydrous
character of the lunar regolith and the absence in lunar rills of many of the char-
acteristic morpholugical forms of aqueous ercsion cn Earth (or Mars) has led to the

zeneral cpinicn that lunar rills are generated in scme other way, perhaps as
ccllapsed lava tubes. However, the calculations of Lingenfelter et al., which
require a head of lunar liquid water, are not invalidated by chis evidence, and
can be applied to the much more hydrated martian conditions if evaporation rates and

solar heating appropriace to the martian envircrment are substituted.

2ecause of the larze latent heat of evaporaticn of water and ice,
any calculation of evaporation rates must take into account the strong inter-
action of the evapcrative ccoling by escape of vapor, the temperatixe

of the surface of the ice




which controls the vapor pressure, and the suoply of heat to the surface
layer by insulation £rom above and thermal conduction from the water below. The

evaporation and energy balance equations used by Lingenfelter et al., are given beiw
in a slighcly modified form.

For the upper and lower boundaries, respectively, of the ice

layer,

By= (- Dgy + g - T - Ly 8

Eg = fay - g + Ly @

M|Eu-c.‘nmgrf1m:o°;hnuppcicastn-fm: El-:h.mgyflm:
to the lower ice surface; m, = the evaporation rate from the upper surface;
ﬁl = the rate of freezing at the lower surface; - = the Stefan-Boltzmarm
constant; T, = the temperature at the upper surface; q, = the conductive
heat flux through the ice; q = the flux of sunlight that is abscrbed withina
the ice layer; and £ = the fraction of q that is absorbed beneath the ice

layer. The situation is presented schematically in Finwe 1, As the
ice sheet grows in thiclness, it approaches an equilibrium at which

Eu-E’(-O (3)
5‘u'5-f= (4)

in other words, at which the ice sheet is constant in thiclmess and is

characterized bv a constant net energy flux.




The paramecter f is introduced to take into account the transparency
of the ice layer. If the ice were completely transparent (f = 1), all the
solar energy which penetrates the ice would be absorbed in the water below and must be
carried back wp to the swrface by conduction through the ice, resulting in the
minimum possible ice chickness. On the other hand, if the ice layer were
dirty and opaque throughout, or covered with a thin layer of soil, f would be
0, and the maximum possible ice thickness at equilibrium would be reached.
All cases with partial twmmsmission of the incident sunlight or absorption

throughout the ice layer will produce equilibrium ice thicknesses between
these Two extremes.

Calculation cf the conductive heat fhchcmtbcdminche
sfaple fashion of Lingenfelter et al. because the heat conductivity o
varies with temperature. According to the data of Ratcliffe (1962), the
thermal conductivity of ice can be well represented between 120°K and the

melting point by the equation:
% (T) = (1.863/T) - 0.00147 cal amts~Loyt, (5)

wnere T is the absolute tamperature. The one-dimensiocnal steady-state
thermal conduction equation

Q" k(T) (dT/dx) (8)
can now be integrated to vield
q, = [1.863 La (273.15/T,) - 0.00147(273.15-T)1/A (7)

where A is the thiclkness of the ice layer.




The calculation of the evaporation rate of water and ice under
martian conditions is complicated by the fact that three differe = Jiavsical
regimes are inwolved, depending on the atmospheric pressure and che wind
speed. The most straight . sard regime is evaporation into vacuum, which
was used as the boundary condition by Lingenfelter et al. in their study
of evaporation on the moon. The evaporation rate (g an"?s™}) into a vacum
can be derived from simple considerations of kinetic theory, except for a
numerical coefficient, and is given by Kemmard (1938) as

f = alp, - p,) OY27RD) ¥ (8)

where Py ® the vapor pressure of the ice or water; Py * the atmospheric
pressure; M = the molecular weight of the vapor; R = the universal gas cc.-
stant; and a = the coefficient of evaporation. The value of a must be de-
termined empirically. Tschudin (1946) has found a value of 0.94 +0.06, or
essentially unity. This equation for the evaporation rate is valid only if
P,> P, Whenp, <p,, the escape of the vapor from the surface is gcverned
by diffusion rather than by effusion, and other considerations apply.

Since atmospheres are seldom if ever completely still, the next
physical regime to consider is evaporation by wind A number of theories of
evaporation by wind which have been proposed were tested by Marciano and
Harbeck (1954) using data taken in a study of evaporation from a reservoir.
They found that their data were best represented by a formula derived by
Sverdrup (1937). Sverdrup assumes that the effect of the wind is to divide
the atmosphere into two layers in which two different transport processes
are dominant. Next to the surface is a laminar boundary layer in which water




vapo transport is by mol:.cular diffusion. Above this layer the air flow be-
comes turbulent, and eddy diffusion is the dominant means of vapor trans-
port. The thickness, d, of the laminar sublayer is roughly

d = 30v/u, (9)

where u, = the friction velocity of the wind; and v = the kinematic vis-
cosity of the atmosphere. Abov. the laminar sublayer, the eddy diffusivity
is found to be given by

K(z) = vy, (2 + 2, (10)

where K(z) = the eddy diffusivity at height z; « = the von Karman constant

= 0.40 empirically; z = the height above the surface; and zq = the roughness
length characteristic of the surface. The evaporation formula can now be ob-
tained by integrating the inverse of the diffusivity between the surface and

some height Z, to give

. Ap Ap
P TE - nad e B g, Tz (11)
BT+ axey g [Fzg

—

where D = the diffusion coefficient of water vapor; and Ao = the difference
in the water vapor density between the surface and height Z.

Before any calculations of actual evaporation can be made, it is
necessary to evaluate the physical constants which appear in the previous
equations, and to discuss their physical significamce. The value of the dif-
fusion coefficient D of water vapor in a pure carbon dioxide atmosphere is ob-
tained from the data of Schwertz and Brow (1951), taken at atmospheric

10.




pressures. Assuming that the diffusion coefficient varies as T°/> and p'l.
the value

D = 0,165 (T/273.15)>/% (1013 mb/p) cn’s™t 12)

is obtained, where p is here measured in millibars. The dynamical viscosity

n of carbon dioxide is taken from the experimental results of Sutherland and
Maass (1932), and of Jumston and McCloskey (1940). A least squares polynamial
fit to their data yields

-7

n = (0.002162 T + 3.77L T + 172.01) x 10"/ dyne s cn™t  (13)

and the kinematic viscosity v is obtained by dividing by the density of the
gas.

The value of the rougimess length 2y is determined by aercdyrumic
measurements, and is typically found to be about 1/30 of the physical scale
of the roughness elements on the surface. Thus a region such as the Chryse
landing site of Viking 1 QMutch et al., 1976) which has bou.ders and sand
drifts about 1 meter in size would thereby have a roughness length of about
3 em. Such roughness in a martian river would recemble a terrestrial ice jam,
and would not be likely to occur unless the cixrent were very strong, or

scme othar phercmenon such as a seascnal thaw occwrred to break wp an existing ice

sheet. O(n the other hand, if the rouginess length of the Clxryse landing site
were detarmined by the abundant rocks in the decimeter €O centimeter scale
the roughness length would be millimeter to submillimeter. Except for

massive outbreak floods, one would expect the ice surface to resemble more




e ice on a Cerrestrial stweam in winter, smooth emcugh, if not thick
encugh, to skate cn, since the physics of ice break-up would be the same
on Mars and not dependent on any novel evaporation physics.

It is scmewhat a macter of guesswork to pick an approvriacte value
for the rougimess length of a smooch ice sheet, but this will be shown
later rot to be of critical importance. For comparison with terrestrial
values, Sverdrup (1937) fixds 2y = 0.6 e for the ocean, and Marciaro and
darbeck (1934) find similar values for the reservoir used in their scudias.
For solid surfaces the rouginess lengrh is considerably smaller, 0.1 em for
a stow surface cn a prairie, 0.005 cm for smooth smow on short grass, and
0.001 e for smooth mud flacs (Priestley, 1959), For the pwrpese of this calculaticn, it
will be assumed chat zy = 0.1 am for the swrface of che ice sheet cn a maxtian
river, since larger values seem unlikely and smaller values will be shown to

be wmixportant to the calculatioms.

The wind profile, which relates the friction veloecity u, and the
ohysical wind velocity u as a fumcticn of height is either dominated by the
swwfaca rougimess or bty the atmospheric viscosity, derending on whecther the
friction velocity is greater or less than the cricical velocity (Priestley,
1959, pp 19-20):

Qe = 2.5 v/z, . (14)

In cha former case, the flow is aercdynamically rough, and cthe turbulent

addies ara abla o reach the surface . 3¢ the wind -rofile is given bv
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W = /) InGz/zg . (15)

In the latter case the flow is aerodynamically smooth, and viscous dis-
sipation prevents the eddies from reaching the surfa2; the wind profile
is then given by

W) = 5.5 + (/<) dntwz/v) . (16)

For typical martian conditions (p = 6 mb, T = 200°K, v = 6.4 am’s™L),

the air flow will be rough over regions like the Viking 1 landing site
(zg= 3.3 em) for w, 2 5 am s™-. According to Hese ot al. (1976) the
Viking 1 anemometer at a height of 1”0 cm always registered wind speeds
greater than about 100 cm s~} which indicates that the air flow is always
aerodynamically rough, since u(l60 cm)/u, = 9.7 from the approximate wind

profile (15). In contrast, the air flow over the ice sheet would almost always be

smooth; the critical friction velocity from equation (14) must exceed

160 am 8™ L for the flow to become rough. This is very near the wind
velocity calculated by Sagan and Bagnold (1975) at which large quantities

of dust become airborme to produce sandstorms. Since such storms occur only
a few days per year, the airflow over the ice s'wrface can be considered
almost always to be smooth. Any smaller value for the rouglmess length of
the ice sheet would only increase the critical friction velocity of the

wind, and strengthen the assumption of laminar flow. Thus we have confidence
in the applicability of the analysis of Sverdrup (1937), which assumes the
existence of a laminar sublayer.

R S P T T IITITRRREETT
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The values of 40 and Z in equation (11) present minor difficulties
in applying the evaporation formula to Mars, since the water vapor density must also
be measured at same height Z. If the air blowing over the ice sheet is assumed
to be campletely dry, 4o is obviously the saturation vapor density at the
surface of the ice. The height Z at which the atmosphere is assumed to be camplecely d
is not as obvious, but may be estimated by comsidering the horizental as well l
as the vertical transport of the water vapor by the wind. By equating the
time scale for the vapor to diffuse to a height Z with the time scale for
the wind to blow across the horizental extent of the ice sheet X, the relation

T =2/v=Xu@) (17)

is obtained, where V is some characteristic velocity of the diffusion process.
On dimensional grounds,

V-.g.- l . (18)

4o g--i--—(i-]n[%—g%

Emploving the wind profile of equation (16), we cbtain a relation between

Z and X:
X-é{v(z)--Zq,, [5.54-%,&1 ﬁ\,ﬁ)}[%ﬁ-%in[%gl} : (19)

Even small assumed values of Z result in large values for X, as is shown
in Table 1.
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Z =50 em Z =100 em
w, =10 cm s°t X =109 m X=235m
w, = 30 cm s°t X = 154 m X = 326 m
W = 100 am s~* X=210m X = 442 m
Table 1.

The choice of Z obviously depends on the width X of the river or lake that
is evaporating, and some of the martian chamnels are observed to be hundreds
of meters to kilometers in width. The evaporation rate, however, depends only
weakly on Z, since it appears only logarithmically in equation (11). In subse-
quent calculations, Z will be taken to be 1 meter, since this is of the right
order of magnitude, and the evaporation rate is insensitive to small differences
in Z.
The third physical regime we consider is evaporation in the absence
of wind. Ingersoll (1970) has shown that evaporation can also take place in
the absence of wind by free comvection, since the atmosphere near the ground
which is saturated with water vapor is less dense than the overlying dry 0,
atmosphere and is therefore dynamically unstable. Using the analogy between
this situation and thermal convection above a heated horizontal surface,
Ingersoll obtains for the evaporation rate
f=0.17 40 D FQ%L% o (20)
v

where g is the gravitational acceleration and Ap/p is the ratio of the
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density difference produced by the water vapor in the atmosphere to the
atmospheric density itself, given by

{mc 4 mw) Py
mP,y - (mc' u‘w) Py = ="

Ao/o =

(21)

whoremc- the molecular weight ofCOz- 44, and m = the molecular weight

of water vapor = 18. Equation (20) is valid only in the case of neutral
thermal stratification, and the driving term, 4o/¢, must be modified if the
stratification is not neutral, since the temperature also affects the gas
density. This effect is important but carmot easily be taken into account
without a detailed study of the martian atmospheric temperature profile
throughout the day, as was done by Gierasch and Goody (19€8). They show that
the martian atmosvhere alternates between highly stable and hizhly unstable
stratification daily, so that equation (20) can, at most, be used on a daily
average basis. Measurements of the temperatwre difference between the ground
and the air by Viking 1 (Hess et al., 1976) provide a rough measurement of the
stratification effects near the ground. Near local reen, a maximm temperature
difference of 25°K develops between the air and ground temperatures, giving
AT/T = 0.1. Substituting this for the driving term Ac/p in equation (20)

we derive an evaporation rate due to thermal convection corresponding to that
produced by a wind with u, = 50 em sk, Wirds of this veiocity do blow near
nocn, and the evaporation of water from moist martian soil would certainly be
enhanced by the addition of thermal convection to the turbulence produced by
the wind. The evaroration rate of an ice sheet, however, would not be nearly

as strongly affected hy thermal corvection, for several reasoms. First, the

greater thermal inertia of ice as compared to scil would recduce the diuwmal

e e s



tamperature variation of the top layer of the ice sheet. Second, the
incident solar radiation which penetrates the ice laver would melt the
bottom few centimeters of the ice during the day, which would then refreeze
at night. If the ice sheet were more than about 10 cm thick, there would
be only a negligible effect on the surface temperature of the ice. Thixrd,
the ice layer would probably have a higher albedo than the martian soil,
further reducing the solar heating which leads to thermal comvection. In
their studies of terrestrial evaporation, Marciamo and Harbeck (1954) found
little if any effect of atmospheric stability on evaporation, probably for
reascons similar to the first and second reason we have just given. In subse-
quent calculations, the effect of diwrnal variations on thermmal stability
of the martian atmospnere will be neglected since they are probably small;
they are in any case bevond the scope of this investigation.

Marciano and Harbeck (1954) repert that small amounts of evaporaticn
do take place in the absence of wind, and it seems reascnable to attribute
this to free convection as proposed by Ingerscll (1970), rather than thermal
convection == since the stabilicy of the atmosphere on Earth doces not have
a noticable effect on the evaporation rate. Since wind and free convection
both seem to influence evaporation perceptably, the simplest appreoach to
include them both would be to add their effects. Cur propesed
evaporation equation is thus the sum of equations (1l) and (20), giving

_4"“1/3
+0.17 40 D (-&a/s)g v "J (22

. a0
m's.d},ig‘(azn |
D e 7 &g :
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where Ao/c is given by equation (21), Equation (22) obvicusly has the
correct behavior in the two limiting cases of high wind and negligible
convection, and of convection in the near absence of wind, and makes the

reascnable prediction that, when both wind and free convection are present, the result:

evapcration will be greater than that due to either cause alone. Accordingly,
equation (22) will be used in the subsequent calculations in this investiza-
tion, with attentiocn paid to whether one evaporation mechanism is clearly
dominant, or a mixed case prevails. Equation (22) should apply as well to
evaporation in many other planetary or satellite atmospheres, including

those in the cuter solar system.

Calculations were carried out for a variety of wind sveeds, from
dead calm to wirds ctypical of sandstorm condicions (u, = 300 am s™0) at a
variety of pressures. A summary of the energy balance used in these cal-
culations is shown in Figure 1. Evaporation rate as a fimetion of insola-
tion is displayed in Figure 2 for the mean martian pressure of 6 mb as well as
for a vacuum, and for a range of values of w,. For typical martian insola-
ticns the ice evaporation rate is typically between 1076 and 1078 zm a2l
At 6 mb pressure, & reasonable range in martian wind velocities corres-
ponds to about 1.5 orders of magnitude in the evaporation rate. The effect
of other choices of atmosvheric pressure on the evapcration rate for the case
w, = 0 is shown in Figure 3. These graphs can be used to make a rough inter-
polation for other values of p and u,. If 3 mb corresponds to tvpical
elevations on Mars and 9 mb to typical depressions, we see that the pressure

variaticn amounts to more than a factor of three in the evaporaticn rate for
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over the vacuum rate by more than two orders of magnitude for 6 mb pressure,

by more than three orders of magnitude for 100 mb, and by almost 4 orders or

magnitude for cne bar pressure. Conupordi.mvnlmofd‘ndcpﬂmoof

the minimm thickness of ice (f=l) under these circumstances, for a range of values

of insolation and total pressure, on u, are shown in Figures 4 and 5. In all

cases of interest the thiciness of the ice overburden exceeds one meter. Ve

see that the minimm ice thiciness at typical values of martian atmospheric

pressure is a few times less than that which would be required at equilibrium

under vacuum conditions. In Fig. 6 is the maximm ice thickness obtained by setting

f=0 {n eqs. (1) and (2), assuming the equilibrium conditions (3) and (4) and emplovine
eq. (22). Typical values range from 10 to several mmdred meters, compared to about

1 m. for the minimm case. For plausible values of £, p, u and insclation, the ice
thiclness seems to be ~10 to 30 m, less than but a significant fraction of the depths of
large lartian chamels. Ice-covered rivers swept free of overlying dust, perhaps chan-
nelled winds, will have minimm ice covers; such rivers with a thick cocating of dust
or sand will approach maximm ice covers. Thus the most dramatic cases tend to

be the most difficult to detect.

Lifetime and Present Detectability of Ice-Coversd Rivers

If geothermal melting of subsurface ice and permafrost is the mechanism
for producing at least a subset of martian simuous charmels, such charmels
should have been preferentially generated in times of high geothermal activicy.
The peak epoch of martian volcanism and tectomic activity dates to about 1 x 10°
vears ago, the era of the formation of the volcanic stxuctures in Tharsis and
the adjacent Vallis Marineris. Since this is also the epoch of the formaticn
of zost of the martian charmels, the ice-covered river hypothesis is at least
consistent with the available chromologies. Wicth the densicy of water as a
normalization facror, the minimum lifetime of a martian ice-covered river is of the
srder of i/m, where ! is the depth of the river. Thus, for § -~ lO"L cm and m

3 1 12
>

- -2 -, - ‘ . - s -
~10 " gmem s, £t 210 - 3 % 10" vrs. Such a value of t applied strictly cnly

0 a terminal lake and should be a very low lower lisit to the river lifetime, which
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will depend crucially on the time depencence of the discharnge Q, By
compariscn, the lifespan of the Colorads River in the Grand Camyon is ~107
years. A rough estimate suggests that there are on Mars several x 10° simuous
charmels, including ° ose covered by aeolian and other mantling. In the
highly idealized circumstance that the construction of such charmels was dis-
eributed undformly ovar martian history frem the major events of 1 x 10° years
ago to today, there would be on the average >>10 ice-covered rivers prasent
at any given time, Since initiating geothermal events were probably concentrated
back around 1 x 107 years ago the actual mmber in the present epoch should
be less; but such calculations suggest that there might be several such rivers
on Mars at the present time. In Fig. 7 is calculated the equilibrium temper-
ature at the top of the ice sheet, given by eqs. (1) through (4) and independent
of the evaporation eq. (22). The vacuum case (eq. (8)) is also shown. Thus,

a contemporary ice-covered charmel would be characterized by a high albedo and
a temperature around 210 to 235° K, with only modest diurmal and seasonal
terperature excursions. Because of the dependence of m on the insolatiom,
such chammels might be preferentially present at high latitudes.

Subsurface Lakes and Polar Laminae

In the previous calculations it was found that liquid water exposed
to martian conditions will shield itself against evaporation by forming a
layer of ice 1 m or more thick. What will harpen to an initially solid layer
of ice, such as the martian polar caps, due to the heating from sunlight?
Will enough sunlight penetrate deep into the ice to cause subsurface melting,
or will the ice sheet remain frozen throughout? The answer to this quescion
depends critically cn the amount of insolation, and the transparency of the
ice. If the sunlight penetrating the ice is assumed to be absorbed exoonen-
tially with a characteristic length L, the steadv-stace one-dimensional

heat cenduction equiticn becares

P = . y — e - ToTTwm——
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ae (%) = k(D) (@1/dx) = q, exp (-x/L), (23)

where q, is the conductive heat flux at depth x, and q; is the incident
solar energy flux that is absorbed. Using the expression for k(T) in
equation (5) the equation can be integrated to give

1.863 £ n(273.15/Ty) - 0.00147(273.15-T)) = q4L Ll-eq:(-x/L)] (24)

where 'rs is the surface temperature of the ice. Melting can only ocaur at
depths greater than the value of x which satisfies i:re equation. If x is
allowed to go to infinity, a critical value of L can be found below which
exogenous melting is not possible because the sunlight carmot penetrate
deeply emocugh into the ice. Assuming a surface temperature of the ice of
130°K (the average of the summer temperature of 210%K and the winter

~ aperature of 150°%), a polar cap albedo of 0.5, ud the insolation of the
poles at the sumer solstice, with a solar elevaticn of 24°, the critical
value of L is 220 ecm. For the yearly average insolation, the maximm insola-
tion must be veduced by a factor of 7, and L becom:: 700 cm. These mumbers
represent reascnable transparencies, provided the ice is not dirty or cmaque
because of air bubbles. Thus, it seems plausible to expect that subsurface
melting may occur in the martian polar caps, either on a seasonal or a

permanent basis.

One objection which might be made to cur proposed subsurface melting
is that it does not occur at least often cn Earth in the Greenland and Antarctic ice
caps. lMore sunlight reaches the Earth than Mars, and the yearly average sur-
face temerature of the ice is here more like 240°K than 180°X, producing

less conductive hear loss to the surface. There are several reascns that
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this objection may be inmvalid., First, the polar regions on Earth are
frequently cloudy, reducing the available insolation. Second, the al*~do of snow
is considerably higher, 0.8 or more, than the typical albedo of the

martian polar caps, = 0.5 or less. Third, Rayleigh scattering in the Earth's
amosphers fixrther atteruates sunlight in the polar regions, especially

at large solar zenith angles. Fourth, ice in the martian polar caps may be
more transparent than in terrestrial glaciers becavse air bubbles may be
smaller there cr absent. The lower air pressure on Mars causes less air

to be trapped in the void space between snowflakes (if it does snmow on

Yars), and this air is very easily compressed by the weishr of overlying

snow or ice. For pressure to reduce the volume of trapped air by cne half,
an ice layer 10 meters thick is needed on Earth. For Mars, this thickness

is 20 em. If snow does not fall on Mars, and ice is deposited as hoarfrost,
less woid space would be expected thun for snow. Furthermore, the air

bubbles may disappear ccmpletely because of the formation of clathrate ice.

Such a disappearance happens on Earth only cdeep in glaciers, but can happen at
much lower pressures on Mars because of the comparative ease of formation of CO:,_
clathrate. The transmission of light through ice on Mars would be less dominated
by scattering from air bubbles than on Earth, and more by the natural light
absorption of the ice, and by absorption produced by any dust particles

trapped in the ice.

Permanent ice-coversd bedies of liguid water are known to exdist in
Antarctica (Lipps et al., 1977; Ancnymous, 1977), but are almost certainly not
heated by insolation. Two mndred meters thickness of liquid water have been
found in a subsuxface lake in the Ross Ice Shelf beneath 420 m of ice.

The coldest water was found to be about 100 m from the lake bottom,

suggesting that scme melting is ocomring at




the bottom of the ice layer. There is scme evidence that this water/ice
oquilibnmhubmmi.nuhndformndmmsm.

It is conceivable that these ideas have scme bearing on the
origin of the martian polar laminae (Mmzray et al., 1972;

Cucts, 1973; Soderblom et al., 1973; Cutts et al., 1976; Howard, 1978),
where the individual plates or laminae are between meters and tens of
mecers thick (Dzurisin and Blasius, 1975). Uard (1973) has shown that the
cbliquity of Mars varies between about 15° and 35°, the cizrent value being
24°, over time scales of a hundred thousand vears or more. In a past epcch
of higher obliquity, extensive subsurface melting could have produced a
large polar lake on which a layer of ice floated. Any irregularities in
surface topography would be reduced by the iceberg effect, and then
eliminated by melting of the bottom of the icebergs. In a subsequent emoch
of low cbliquity, the polar lake would freeze, producing a level surface
like that observed in each of the polar laminae. '/e propose that repeti-
tions of this cycle, with =>face depcsition of ice between intervals of melting,
could have procduced the cbserved stacked laminae. Thile the smootiness of
the laminae may have many conceivable explanations, including aeolian ones,
the most natural mecianism for producing a smooth surface is liquification,
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The largest impact crater on either martian cap is designated Zw,
in the Plamun Boreum at 85° North latitude, 180° West. It is adjacent to
the Chasma Boreale, a very large vailey, one to two kilometers below the
surrounding elevations and directed at Zw. We speculate that the proxdmity
of these two features has a genetic origin, with the crater impact that
oroduced Zw releasing a large body of subsurface water which produced the
Chasma Boreale.

The lower limit to the observed thickness of individual laminae is
about 5 m (Dzurisin and Blasius, 1975), although finer scale laminae may
exist, below the effective slant resolution of the larirer 9 high resolu-
tion camera for martian polar latitudes. We note that the thiclness of our
ice overburden on such subsurface lakes is of just the same order as the in-
ferred lamina thiclmess.

Flow Discharge in Martian Chammels

An ice-covered river of total area A and surface evaporation rate

m will lose a total mass of water to the atmosphere of Am grams every second.
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This mass of ice lost from the top surface is reformed by freezing at the
bottom surface so the net loss is to the liquid water. Because water has

a density of 1 g am™, the steady state situation is maintained if the
river is characterized by a discharge Q = Am. If the discharge is larger
than Am, then the arrivel flux of liquid water through a vertical surface
beneath the ice is greater than what is lost by evaporation and the head
waters of the river make progress in channel erosion. The values
of th derived above are extremely low. For f - 10° gmer2s™ and A - 10} en?
the discharge for evaporative equilibrium must be only of the order of

10° ems™L. For comparison the mean annual 0 in typical terrestrial river
systems is - 107 to 100 em’s™! and estimated peak discharges for the Missoula
and Bormeville floods is - 101> cm’s™} (Malde, 1968; Baker, 1973). Very crude
estimates for Ares Vallis on Mars during its formation give a peak discharge

- 10 an’s™! (Masursky et al., 1977).

Thus, it is clear that large values of 0 will propagate extensive
flood and channel syst-ms on Mars even for very low values of p and for very
high values of u,. There is no problem in understanding massive breakout
floods on Mars under any conceivable past or present climatic conditions.

In addition, if geothermal penetration of subsurface ice or permafrost has,

at least on a few occasions on Mars, nroduced catastrophic floods cormected
with the chaotic terrain, there must have been large mumbers of other geothermal
events which produced more modest erosion which seems very likely to have
formed ice-covered rivers and ultimately sinuous chammels. It is clear from
the evaporation rates calculated in the present paper that even with modest

discharges of 10 Sane's‘l or even smaller such rivers could have had reaches




le to those of the existing simuwous charmels on Mars. Even den- ‘
dricic valley networks of the sort which Masursky et al, (1977) actribute
to rainfall can have originated as ice-~covered rivers if geothermal pene-
tration ocourred in several adjacent locales which eventually became the
headwatars of the discributaries, It is not clear that under these circum-
stances distinctive morphological features would be present at these locales :
today. Our arguments by no means exclude the possibility of the production ‘
of simuwous charmels by rainfall in earlier more clement times, but we note _
that the higler atmospheric pressures and lower wind velocities expected for :
such times make the efficiency of the processes we have described here more
efficient in those clament envircrments. Masursiky et al. (1977) have argued
that our ice-covered river mechanism could not explain the broad martian
charmels because, they claim, the discharges necessary to produce such river
beds are very high, which would imply turbulent flow and a lack of contact
between the water and its ice overburden -- thereby fragmenting the ice

cover. However, the fric:icnal drag of the ice in a turbulent river would be small
, and we have found the steady state ice thiclness to be a significant fraction of
cthe cepth of the river; in addition, as shown immediately above, the dischange rateas

required in this problem may be very modest and laminar flow regimes might prevail,

especially in highly evclved systems with low Q. Also, such ice-covered subsurface
rivers are self-sealing. Scme subsirface percolation at the headwatars of such streams
sheuld ocour: Sur since the mean temperatiwe of Mars is well below the freezing

temperature of water at .ccales far from the initiating geothermal events, the
— - Y -~ 2 & " i
ground will be frozen and cercolarion will be minimal, Heat transport Srom the headware: |
neatad by the hypothesized zeothermal avent to the colder zrownd at rhe lowest in
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fricrion-to-flow would advance the reach of the system: he also proposes
that the heat of wetting and the heat of solution at least by anhydrous
minerals might contribute to the heat tramsport,

Exobiological Timplications
The objective of the original speculations about subsurface lakes
(Lederberg and Sagan, 1962) and surface bodies of water (Sagan, 1971) was their
suitability as abodes of indigenous life for aqueous biochemistries similar
to those on Earth. The Viking 1 and 2 Landers performed preliminary

searches for life in two martian locales totally devoid of liquid water.

Yo hint of martian macrobes was uncovered (Qiutciret al., 1976; Levinthal
et al., 1977); the search for martian microbes in the same locale has given
results which are tantalizing but at best ambiguous (Klein, 1978). The
Viking experiments tested for life in one cormer of the water activity/
temperature diagram of Sagan and Lederberp (1976), who also suggested that
there may be a selective advantage for large organisms on !Mars -- including
ones with aqueous biochemistries. 'Je now recognize that extensive regions
of subsurface liquid water may exist on contemporary ‘Mars, as in the past.
Chaotic terrain and the most recent polar laminae are two candidate locales
for future biological investigation of Mars. 'e note that the sequestered

sub-ice sea, isolated from its aqueocus swrroundings probably for >105. years,
recently investigated by the Ress Ice Shelf Project (Anonymous, 1977) tums
out to have a rich population of arthropods, foraminifera and hacteria with
same evidence for diatams and marine worms, in an envircrment whose abvssal
reaches, at least, exclude photosynthesis. The history of the exploration

of Mars suggests that preliminary cbservations of limited swrface areas may

lead incautious investigators to concludsicns which are not

e — . p—




applicable to all regions of the planet. The search for contemporary
ice-covered rivers, probably of short reach, and subsurface lakes --
perhaps associated with high thermal inertias -- would be
a useful first step in exploring the liquid water heterogeneity of Mars.
The search for subsurface aqueous regimes beneath an overburden of one or
few meters of ice seems an ideal objective for the use of high velocity
penetrators launched from orbiting spacecraft. Investigations of recent
sinuous channels or chaotic terrain seem to be excellent objectives for
roving vehicles and low altitude martian aircraft modeled after existing
competition gliders.
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ENERGY BALANCE OF ICE SHEET
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Fig. 1. Schematic diagram of the energy balance for liquid water beneath an
illuminated ice sheet.
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Fig. 3. Evaporation rate as a function of insolation for a variety of
pressures for zero friction velocity.
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